We present the results of calculations of excitonic binding energies, wave functions, diamagnetic factors, and polariton reflection spectra for perovskite lead iodide compounds -naturally grown semiconductor/insulator multi-quantum-well superlattices, with taking into account the interaction of electrons and holes with self-image charges, the image-potential-mediated Coulomb interaction, and the inhomogeneity of electricfield configuration.
Currently there is a great deal of interest in naturally grown superlattices -lead iodide based layered semiconductors (CnH2,+1NH3)2Pb14, n = 4, 6, 8, 9, 10, 12 [abbreviated as C, and (CeH5-C2H4NH3)2 (CH3NH3)m-1Pbm13m+1, m = 1,2 [abbreviated as PhE-PbI4 (m = 1) and PhE-Pb217 (m = 2)]
This interest is accounted for by the strong excitonic effects in these substances, which make them promising new materials for optoelectronics. Exciton binding energies as large as E,, = 320 meV and pronounced polarization-dependent excitonic polariton effects were reported 3.
Lead iodide perovskite compounds may be regarded2 as natural semiconductor/insulator multi-quantum-well (S11 MQW) superlattices (SLs) consisting of semiconductor lead iodide layers sandwitched between insulator barrier alkylammonium layers (whose gap is twice as large as that of the lead iodide layers). It was shown in 2-4 that the exciton enhancement in these natural S/I MQWs may be attributed to alternating semiconductor and insulator layers with considerably different dielectric constants, causing the image-potential-mediated modification of electron-hole (e-h) interaction and so-called dielectric confinement of excitons 6 .
In the present paper we calculate the exciton parameters in lead iodide compounds taking into account their SL structure and the image potential including the self-image corrections (arising due to the interaction of electrons and holes with their own image charges). Describing the superlattice structure of the compounds, we follow the Guseinov's approach7. As to the selfimage terms, we include them into the QW localizing potential, thus renormalizing the QWs states.
Our calculation evolves two succesive steps: (i) we find the MQW one-electron and onehole wavefunctions of perpendicular motion with accounting for the interaction with self-image charges, and (ii) solve Schrodinger equation for in-plain excitonic wave-function with averaged (over MQW wave-functions) image-potential-mediated Coulomb interaction.
We assume the excitonic state is of a Wannier-Mott type. This assumption can be selfconsistently verified: the calculated mean e-h distance in an exciton a , , is large compared to the interatomic distance a,, (about 12 and 3-6 W, respectively). However, we have to ascertain
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993594 that the Wannier-Mott condition a,, >> a0 is on the verge of its validity. In our calculations we are using envelope-function approximation (EFA) conventional for SLs and MQWsg. The only distinction from the known theory is allowing for the image potentials. Our point when choosing the material parameters of S/I layers is to use that of Pb12 (for semiconductor layers) and of structurally close organic material (for insulator layers), as it was done in4. The detailed description of our calculation procedure see in Ref.". Table 1 shows certain known material parameters of lead iodide compounds, of PbI2 and organic materials CnH2n+1NH2 and CsH5-C2H4NH2, along with the results of our calculations of excitonic binding energies E,,, radii a,,, and diamagnetic factors Q.
We have chosen Cl'-Pb14 as a starting point in our calculations and fitted our theory to the experimental values of E,, and Q, shown in Tab. 1. When fitting, we have mostly used two adjustable parameters: the ionic radius of iodide atoms RI, which we added (following 314) to the geometric width of the Pb14 layer 1 : (shown in Tab. l ) , l, = 1 : + 2Rz, I b = 1; -2Rz and reduced excitonic mass p. We have also assumed the dielectric constant of well layers E, = 6.1 (see Tab Thus we have guaranteed the correct experimental value of high frequency dielectric constant E,. As a rule, calculated in such a way eb is close to that shown in Tab. 1 for CnH2,+1NH2.
We have obtained better agreement with the experimental values of E,, and Q choosing p = 0.21mo and RI = 1 A. After fitting our theory to the experimental data on Clo-PbI4, we have calculated the excitonic parameters in other lead iodide compounds, using the same p = 0.21mo and RI = 1 A, E, = 6.1 and changing accordingly to Tab. 1 E, (when the latter is known).
The results of our calculations of E,,, Q and a,, are shown in Tab. 1. One can see that although our fitting procedure was rather crude and the number of unknown material parameters was large, theoretical results show reasonable agreement with the experimental data for the whole lead iodide family. The fact that our theory gives different excitonic parameters for different members of CnPb14 family, clearly demonstrates the role of SL structure. (Within our approach the well layers are the same for all C,Pb14 compounds.) Our accounting for self-image corrections, which is another difference of our approach from the previous one4, manifests itself in larger fitted value for reduced excitonic mass (p = 0.21mo in our calculations and 0.1 m. in4).
The polarization-resolved optical e~periments'7~ using EM wave with frequency close to the polariton resyance show-a large difference in light reflection for two polarizations of electromagnetic wave E l c ' and Ellc' (where c' is a normal to layers of the superlattice). This seeming anysotropy of the exciton oscillator strength may be explained by essentially differ@ spatial configurations of the electric field in the S/I SLs for these two polarizations. If E l c ' , the electric field is uniform, whereas at l?/lc' the electric field in well layers (just where the excitons are confined to) is much smaller than in the barrier ones, thus causing a decrease of excitonic oscillator strength. It is also clear, that for l?~lc' polarization the exciton-photon interaction has to depend drastically on the exciton wavefunction.
The results of our calculations of the polariton reflection spectra within the nonlocal theory of Ref. '' are illustrated in Fig.1 . Note a drastic refl+ectivity dependence on the exciton formfactor for ,!?//c' polarization. The reflection spectra for Elc' polarization does not depend on the exciton formfactor at all. 
